Stomatal control of water loss was studied in a low pressure environment by using detached leaves of Crassula argentea Thunb., Peperomia obtusifolia (L.) A. Dietr., and Setcreasea pallida Rose cv. ' Hg) the molecular mean free path of water vapor, X, is large compared with the significant flow dimension, the stomatal pore width, 2b large Knudsen number (defined as X/2b) characterizes free molecule flow, wherein intermolecular collisions are rare, and the flow is determined solely by molecular collisions with the wall. For the species used, the ratio of the guard cell thickness to the stomatal pore width is of the order 10, designated hereafter as 0 (10) for the mass flow rate through a unit area of leaf surface. In the above expression , is the ratio of the vapor pressure outside to that inside the stomatal cavity; L is the length of the stomatal tube; a and b are the semimajor and semiminor axes of the elliptical cross-section of the stoma, respectively; R is the specific gas constant; Hfg is the difference in the specific enthalpies of liquid water and vapor; D is a constant with units of pressure, and T is leaf temperature.
behavior of temperature and rate of mass loss were determined. A model based on free molecule gas flow was developed and used to predict mass loss to within the same order of magnitude of experimentally obtained results. By utilizing this model, the transient behavior of stomatal aperture was determined. The "nonphysiological" experimental conditions do not inhibit the closing process; therefore, this new experimental technique is a valid method of studying stomatal closure.
It is important to understand the dynamic responses of plants to environmental changes. One very important response is stomatal control which affects the hydration of a plant. Many factors influencing stomatal aperture have been studied. Two important controls are, for example, water stress and a lowered leaf temperature, both of which induce stomatal closure (8, 20) . Inasmuch as these factors are constantly changing with time, an expression for the transient value of stomatal aperture cannot be formulated directly.
In this paper, a new technique for studying stomatal closure will be presented, wherein the usual difficulties due to convective heat and mass transfer and external diffusive resistance have been avoided. By using low environmental pressure, the stomatal resistance due to the pore between the guard cells can be observed directly. In addition, a simple expression based on free molecule flow can be used to ascertain the leaf surface porosity.
PHYSICAL MODEL
The small physical size of stomata and the low environmental pressure used in the present investigation simplify the determination of mass loss from a leaf. At Hg) the molecular mean free path of water vapor, X, is large compared with the significant flow dimension, the stomatal pore width, 2b large Knudsen number (defined as X/2b) characterizes free molecule flow, wherein intermolecular collisions are rare, and the flow is determined solely by molecular collisions with the wall. For the species used, the ratio of the guard cell thickness to the stomatal pore width is of the order 10, designated hereafter as 0 (10) 1 for the mass flow rate through a unit area of leaf surface. In the above expression , is the ratio of the vapor pressure outside to that inside the stomatal cavity; L is the length of the stomatal tube; a and b are the semimajor and semiminor axes of the elliptical cross-section of the stoma, respectively; R is the specific gas constant; Hfg is the difference in the specific enthalpies of liquid water and vapor; D is a constant with units of pressure, and T is leaf temperature.
In Equation 1 the total pressure inside the leaf has been taken to be the saturation vapor pressure over a pure, free water surface at leaf temperature. It has been tacitly assumed that flow is quasisteady and that the ratio of the pore diameter to the substomatal intercellular area is so small that it, and not the vaporization process at the liquid-gas interface, controls the net rate of molecules leaving the leaf surface. According to the arguments of Slatyer (17) concerning the effects of solutes and adsorption on substomatal vapor pressure, it is possible to show, for the species used, that more than 12% of the leaf weight could be lost without significantly reducing the vapor pressure below saturation.
ENERGY BALANCE
The water vapor flux from the leaf is the driving mechanism for the leaf energy balance. The consequent phase change is supplied by thermal energy embodied in the bulk liquid water in the system and results in a decrease in leaf temperature. Many leaves contain considerable intercellular air spaces (21) throughout their volume, and evaporation occurs from all of these surfaces. Therefore, the water loss was considered to be a uni-AYLOR AND KRIKORIAN formly distributed heat sink, and an over-all energy balance on the leaf was made assuming a uniform temperature profile. When a leaf is placed within a vacuum chamber, as in this study, the other major factors contributing to the leaf energy balance are radiation from all sources and conduction through the gas from the vacuum chamber wall to the leaf. Radiation is mainly due to to the exchange of thermal energy between the chamber wall and the leaf. The energy due to the constant light source in the laboratory was measured by a radiometer with a peak sensitivity in the visible region of the spectrum (7), and is negligible compared with the other terms in the energy balance.
Several simplifications were made concerning the radiant interchange. The leaf was assumed to be gray in the 1-to 20-,u wavelength range, with an emissivity of 0.95 (5, 6) . We also assumed that the radiation surfaces were isothermal, diffuse, and that the leaf was concentrically located in the chamber. Then, the net radiant exchange, q7, is given by ( Finally, it should be noted that the justification for using a steady heat conduction analysis was based on the kinetic theory result that a = k0/p, cp, pr-l, and at 0.1 mm of Hg, a c 103 cm2/ sec. Therefore, transients in the temperature field in the gas will be eliminated in a characteristic time, T = g2/aC 0(10-2 sec).
The Rayleigh number which characterizes free convection was calculated by using the length of the leaf as the significant dimension and was found to be O(10-s). An estimate of the free convection heat transfer was made from the correlations presented in Jakob (10, Fig. 25-1, p . 525), which shows the Nusselt number to be only about 10% above its limiting value. Thus, in the present case, convection would be about 2% of the total heat transfer and will be neglected.
If, in addition, one assumes that resistance to water vapor transfer through the cuticle-covered epidermis is much greater than that encountered along the stomatal pathway, and if one neglects the metabolic heat generated by the leaf, conservation of energy on the leaf is described by
where ML is the mass of the leaf; CL is the specific heat capacity of the leaf; Am , A, , and A, are the effective leaf areas for mass transfer, thermal radiation exchange, and heat conduction to the leaf, respectively. Q is the factor given by either Equation Since the factors B2/B5 and B5 decrease with time through the influences of water deficit and temperature on stomatal aperture, it can readily be deduced that 0 initially decreases, reaches a minimum, and increases again. (Fig. 1) . The RTV-1 1 is impervious to water and has no adverse effects on the leaf. For purposes of the energy balance, it is important that the area and weight of the silicone rubber used to seal the leaf remain as small as possible.
The thermal sensing system was calibrated intact, and resulted in an over-all precision of 0.25 C. The presence of the thermocouple wires necessitated calibration of the balance for each experiment, and resulted in a precision of 0.20 mg. The dynamic error (a measure of the amount that the response lags the input) was found to be negligible for the thermal sensing and the weighing systems (3 shows that the initial rate of mass loss and temperature decrease is maximal, and corresponds to the relatively large initial stomatal aperture and relatively high initial temperature. As the temperature falls, the strength of the heat source terms due to radiation and conduction from the surrounding chamber increases. Simultaneously, leaf water deficit is increasing, and consequently, stomatal aperture is decreasing. Moreover, the mass loss from the leaf is reduced because of the lower leaf temperature. At the point corresponding to dT/dt = 0, the heat content of the leaf is not changing, indicating a momentary balance between the energy source and sink terms. Since dm/dt is always decreasing, the source term eventually dominates the mass loss term and leaf temperature begins to increase. Table I , A and B, presents an energy balance representative of typical runs. There was generally good agreement (cf. columns 2 and 6), and it was therefore assumed that all of the important terms in the energy balance had been considered.
To check the model, the final rate of mass loss from the leaf was calculated from free molecule flow. This calculation utilized stomatal densities determined by actual count, and the average final aperture determined from measurements on prepared slides. Calculations for the final value of (dmi/dt) were made from Equation 1 for several runs, and the agreement between these calculations and the experimentally determined slope was within a factor of 3 or 4 for Peperomia and a factor of 2 or 3 for Setcreasea. We attribute this discrepancy to our inability to predict the proper constant multiplying the right-hand side of Equation 1; however, we assumed the functional dependence on b and T was correct.
After adjusting Equation 1 numerically to coincide with the final values of dm/dt, TL, and b, we were able to predict the temporal dependence of stomatal width b(t) from Equation 1 and the experimental value of (dm/dt)(t) and TL(t). This functional dependence of b(t) shown in Figure 3a and b for Setcreasea and Peperomia, represents the dynamic response of the leaf to increasing water stress. These curves show that once the initial correction was made, b(t) was well predicted as is emphasized by the extrapolation to time, t = 0. 
DISCUSSION
The distinctive feature of this technique is that the experimental leaf was used as a transpiration porometer to measure mass loss through its surface as it was subjected to reduced pressure. This new approach to leaf porometry has the advantage that it directly reflects the changes in stomatal pore width because it eliminates the complications of external diffusive resistance and convective heat and mass transfer.
The nonphysiological conditions do not interfere with the closing process. Although the pumping depletes the carbon dioxide and oxygen supply, Walker and Zelitch (22) have shown that the stomatal closing process is unaffected by anaerobic conditions and is nearly temperature-independent. In addition, a lack of carbon dioxide stimulates wider stomatal apertures, even in darkness (8) .
Another important feature of the low environmental pressure is the high mass loss rate (one to two orders of magnitude greater than would occur under room conditions) and the consequent rapid fall in leaf temperature. Even under these extreme conditions emergence of gas bubbles from the leaf surface was not noticed, and neither was any damage to the epidermis observed. Moreover, entire plants were subjected to low pressure until they wilted. When returned to room conditions, they regained their turgor and the same plants continued to grow and thrive in the greenhouse.
Finally, the reduction of the external pressure by nearly 1 atm has essentially no effect on the state of the cell wall water, as water is virtually incompressible. The cell water potential depends only on the difference between the internal and external pressure. Any external reduction is transmitted undiminished through the surrounding membrane to the vacuolar contents. Hence, the gauge pressure remains the same, the state of the cell wall water is unchanged, and, therefore, we estimated cell water loss from a conventional Hofler diagram (9) without correction.
The maximal error in the determination of dimi'dt was estimated from considerations that dm/'dt < 0 and d2m,'dt2 > 0.
Although the first condition is physically obvious, the latter required experimental verification. Runs performed without the simultaneous recording of leaf temperature allowed a 10-fold increase in precision of the mass determination, and d2m/dt2 > 0 was verified. These conditions together with known precision in the mass determination allowed the establishment of a greatest upper bound (GUB) and a least lower bound (LLB) on the slope at each time for every leaf. The ratio of the difference between GUB and LLB over the slope of the best fit curve was estimated to be the maximal error in the slope. The main uncertainty in determining stomatal half width, b, is due to the experimental mass loss rate which contributes an error of about 13 '%.
Comparison of columns 2 and 6 of Table IB indicates that the energy balance for Peperomia is inadequate for analyses of short duration. Radiation and conduction were always calculated from measured leaf and enclosure temperatures. A light spring tension set into the thermocouple lead wires ensured good thermal contact with the leaf, and separate experiments assured that the response time of the thermal sensing system was not limiting.
The leaf thermocouple reading may not, however, be representative of average leaf temperatures because of the leaf's finite resistance to heat flow across its thickness. The thermocouple junction touched the upper surface of the Peperomia leaf, which has stomata on the lower surface only. This leaf is relatively thick, and cell spacing is quite compact, particularly in the water storage tissue region beneath the upper epidermis. Depending on the values of the leaf thermal conductivity, leaf density, and rate of heat transfer at the surface, the temperature deficit, 0 TL -TO, of the upper surface can lag behind that of the stomata-laden lower surface by a substantial amount. Calculations based on a reduced 0 would improve the agreement between columns 2 and 6 in leaf cells of which are not as compact, leaf temperature is more nearly uniform. This is reflected in the good agreement in Table  IA .
The species used show a wide range of dynamic response to identical experimental conditions. Setcreasea, as expected, exhibited the highest rate of water loss, and leaves of Crassula exhibited a low rate of water loss. Morover, the rate of mass loss from Crassula leaves was nearly constant throughout the duration of the experiment, and the depression of leaf temperature below ambient was typically less than 1 C. The leaf temperature of Crassula did not show the characteristic behavior exhibited by Setcreasea and Peperomia, i.e., it was single-valued and approached a constant as the experiment progressed. This behavior would be expected if stomatal aperture did not decrease with time. Such would be the case if the stomata were closed (or nearly closed) initially. This was so, in fact, for Crassula, even in darkness. A response such as this may be likened to that of an inanimate porous body (cf. Fig. 4 ) and is in contrast to the dynamic response of stomata on Setcreasea and Peperomia leaves. This apparent lack of stomatal closure indicated by the minimal and constant rate of mass loss is usually attributed to cuticular transpiration, but may be due, in part at least, to incomplete stomatal closure. Direct observation of stomata with Lloyd's method (14) on Crassula (as well as on the other species) confirmed the latter for all three species.
Features other than stomata also play a role in the water economy of plants. Figure 5 shows that a smaller percentage of leaf water is lost before stomatal closure occurs in Peperomia than Setcreasea. The difference in threshold value may be explained in terms of leaf anatomy and physiological adaptation. Nearly three-fourths of a mature Peperomia leaf is made up of large, thin walled cells comprising the multiple upper epidermis from which little direct evaporation occurs. In contrast, leaf cells of Setcreasea are much less compactly arranged.
The data show that the stomatal aperture is an effective regulator of mass flow from a leaf, except when the guard cells modify the apertures so that they are nearly closed. This technique directly examines changes in stomatal aperture and readily illustrates the effectiveness of stomatal control for leaves showing varied responses.
